In this study, hydroxyapatite (HA) was incorporated in a poly(L-lactic acid) (PLLA) matrix and the thermal properties and crystallization behavior of the derived composites were investigated. The nanocomposites, containing 0-20 wt% HA, were prepared by melt extrusion employing a twin-screw extruder. XRD experiments verified an increase in the intensity of the characteristic diffraction peak of the α-form crystalline phase of PLLA with increasing HA content. By DSC experiments it was observed that the presence of HA increased the crystallinity during cold crystallization, leading to a shift of cold-crystallization temperature to lower values and to an increase in the melting temperature of the PLLA phase. Isothermal crystallization experiments at 100, 110, 115 and 120 °C, revealed a maximum in crystallization kinetic around 100 °C after the addition of HA compared to 115 °C for pure PLLA. The crystallization rate of PLLA matrix in the nanocomposites decreased with increasing crystallization temperature. By using the Avrami and Lauritzen-Hoffman equations the exponent n was calculated in the range 2-3 and a theoretical approach verified that the HA/ PLLA systems belong to Regime II of crystallization behavior. The investigated melting behavior of PLLA was attributed to better organized crystalline structure with increasing isothermal crystallization temperatures and might be related with the longer time necessary for the completion of crystallization.
Introduction
The development of new materials suitable for biomedical applications in the industrial scale manufacturing by various techniques, is an area demanding constant research and progress, in order to meet with evolutions in the medical field. This research is critical for the successful design of biomaterials. Poly(lactic acid) (PLA), a biocompatible and biodegradable semi-crystalline aliphatic polyester, has attracted great attention as a very promising material in the field of eco-friendly biocomposites [1, 2] . However, it presents a slow crystallization rate that is a drawback for the industrialization of its application as a biomaterial by itself [3] . As far as inorganic particle reinforced PLA is concerned, numerous manufacturing methods have been studied, including injection molding, compression molding, hydrostatic extrusion and melt extrusion [2, 4, 5] . Bone-like synthetic HA has a composition similar to the main inorganic component of natural apatite in human bones and teeth and is characterized by good tissue bioactivity, biocompatibility and is bioresorbable [5, 6] . HA as an osteoconductive component can stimulate osteogenesis processes and osteointegration of the implant with the surrounding tissue [4] . Nanosized HA may have other special properties such as protein absorption and osteoblast cell adhesion due to its small size and huge specific area [6] . Polymers are not osteoconductive [7] . PLA/HA composites combine the osteoconductivity and bone bonding property of HA with the easy processing properties of PLA [8] . In addition, HA can be used to delay the early degradation of PLA, neutralize its acidic degradation products and enhance the mechanical performance of the material [9] . Various authors have referred to the optimum content of HA particles of 10-30 % [7, 10, 11] . The results have been promising and composites have shown in vitro calcification, which spreads to otherwise inactive polymer matrices [7, 12] . PLA/HA composites have been used clinically in films and scaffolds presenting improved bone-cell responses in vitro and bone-regeneration of bone defects ability in vivo [6, 12] and in tissue engineering as temporary implants having acquired their unique functions [13] . Since they are both non-toxic and bioresorbable materials no surgery removal is needed after the bone heals [10] . Understanding composite fabricating conditions as well as understanding the effects of the filler on thermal properties and crystallization behavior of PLA would be necessary in order to produce PLA/HA composites with desired performance.
The effect of fillers on the crystalline structure of PLA based composites are of fundamental importance for the properties of the final products. As known, PLA is a polymer with multiple crystal forms. Three different crystalline structures (α, β, γ) of PLA have been identified upon differentiation of the thermal and mechanical conditions of preparation process. The most common α form can be developed when cold or melt crystallization take place above 120 °C [14] . The β crystal has been produced by stretching the α form at high drawing ratio and high temperature [15] . The γ form was obtained by epitaxial growth on the hexamethylbenzene substrate [16] . Recently, a new disorder crystal form, named α′ form was proposed for the PLA sample crystallized below 120 °C [17] . The complex crystallization and melting behavior, the difference between α and α′ form crystal, and the transition process from α′ to α form crystal of PLA have been widely studied in the last several years [14, 16, 17] . Chen et al. [18] studied the effect of draw rate (DR) at crystallization properties of PLA films and found that the α′ crystal phase does not transform into α or β crystal on uniaxial drawing as varying the value of DR. However, the crystallinity and the degree of deformation were greatly improved.
HA is also added as a nucleating agent in order to increase crystallinity of PLLA by lowering the surface free energy barrier towards nucleation and thus initiating crystallization at higher temperature upon cooling [2, 10] . Crystallization kinetics from the melt of poly(L-lactic acid) has been analyzed by a number of research groups [19, 20] . Isothermal crystallization rates were determined in a wide temperature range, from 70 to 165 °C [19, 21] . The maximum in crystallization rate was observed around 100 °C, and the most peculiar behavior was a discontinuity in phase change kinetics around 110-120 °C [17] . Many research groups measured the spherulitic growth rate of PLLA from melt by isothermal and non isothermal methods and detected a regime II-III transition at 120 °C [21] [22] [23] , although other explanations of the unusual crystallization behavior of PLLA have also been put forward [3, 20] . PLA is usually molded at 100-120 °C in the industrial melt processing. However, under these conditions a mixture of α′ and α will form in this temperature region indicating that the PLA α′ form crystal exists widely in many PLA-based products [24, 25] . Effect of additions on the crystal formation of PLA need to be studied in detail.
In this paper, the effect of hydroxyapatite (HA) nanoparticles' incorporation on thermal properties and crystallization behavior, of a semi-crystalline poly(L-lactic acid) (PLLA) matrix was examined, as a contribution to the use of the above nanocomposites in biomedical applications. The crystallization kinetic of PLLA was evaluated isothermally at different constant temperatures from 100 to 120 °C. The Avrami exponent (n), crystallization rate constant (k) and nucleating parameter (K g ) were calculated from DSC data. From the value of K g the crystallization behavior of Regime II was concluded in agreement with reported values in other literatures. XRD study has also been used for further characterization.
Experimental Materials
The PLLA used in this study was purchased from Nature Works Co. (USA). More specifically, the grade Ingeo PLLA 4032D is a semicrystalline material in pellet form with L-lactide: D-lactide ratio 98 : 2. The glass transition temperature and melting point are 55-60 °C and 165-170 °C, respectively, as reported by the manufacturer. The nano filler Hydroxyapatite (HA) powder with particle size smaller than 200 nm, was purchased from Sigma-Aldrich (MO, USA).
Preparation of PLLA based nanocomposites
HA/PLLA composites with compositions 100/0, 5/95, 10/90, 20/80 and 0/100 (w/w) were prepared by extrusion melt blending in a Haake co-rotating twin-screw extruder, with L/D = 25 and 16 mm diameter (Haake Polylab System, Haake Rheomex PTW16, Thermo Electron Corporation). The extruder was heated at five zones along the cylinder and the die. The temperature profiles of the barrel from the hopper to the die were 200-205-210-210-210-215 °C and the screw speed 40 rpm. Prior to the melt extrusion, raw PLLA pellets were pulverized cryogenically into uniform powder with a typical particle size distribution from 0.2 to 0.5 mm (FRITSCH, pulverisette 14). PLLA and HA were dried in a vacuum oven at 80 °C for 4 h, in order to eliminate hydrolytic degradation reactions. Before processing, the appropriate amounts of PLLA and HA were dry-mixed. After melt extrusion, the obtained material, in the form of continuous strands, was granulated into regular, cylindrical pellets using a Brabender knife pelletizer.
X-ray diffraction
X-ray Diffraction analyses of HA, PLLA and HA/PLLA nanocomposites were made using a BRUKER D8-ADVANCE (twin/twin) diffractometer (40 kV, 40 mA) with a Cu X-ray tube (λ = 1.5418 Å). The recording speed was 0.05°/s in the range of angles of 2θ = (5° - 55°). Samples for X-ray analysis were obtained from compression-molded films.
Differential scanning calorimetry (DSC)
DSC measurements were run in a Mettler Toledo model DSC 1 differential scanning calorimeter with pure indium as a calibration standard. (a) For the non-isothermal experiments, a total of 8-10 mg of each sample was heated from room temperature to 190 °C and equilibrated at 190 °C for 3 min to completely eliminate previous thermal history. The samples were then cooled to 20 °C at a cooling rate of 10 °C/min and kept at 20 °C for 3 min to expose all samples to the same thermal treatment. Finally, they were reheated to 190 °C at a rate of 10 °C/min. (b) For the isothermal crystallization experiments, a total of 8-10 mg of each sample was heated from room temperature to 190 °C and equilibrated at 190 °C for 3 min to completely eliminate previous thermal history. The samples were then cooled to one of the examined isothermal crystallization temperatures (100 °C, 110 °C, 115 °C, 120 °C) at a cooling rate of 20 °C/min to avoid the crystallization of the polymer matrix and equilibrated at the predetermined isothermal crystallization temperature for 45 min until crystallization was completely developed. Finally, they were reheated to 190 °C at a rate of 10 °C/min.
All runs were conducted under nitrogen to avoid thermo-oxidative degradation.
The degree of crystallization (X c , %) of PLLA and HA/PLLA nanocomposites was evaluated using Eq. (1) [2] :
where ΔH m indicates the melting enthalpy (J/g) that was calculated from the fusion peak in DSC second heating curves, [26] [27] [28] [29] . The value of 93.1 J/g was used to calculate the degree of crystallization (X c ) [29, 30] .
Results and discussion

X-ray diffraction (XRD)
In order to elucidate the effect of HA content on the crystallinity of PLLA due to the incorporation of inorganic nanoparticles, the pure polymer as well as its nanocomposites containing HA were characterized by X-ray diffraction analysis. The X-ray diffraction patterns of the pure PLLA and the examined compositions of HA/ PLLA (w/w) are presented in Fig. 1 .
HA nanoparticles have crystalline structures with sharp diffraction peaks as can be seen in Fig. 1e . In fact, the two peaks observed at 2θ = 25.7° and 31.7° are clear and sharp for pure HA, showing the crystalline nature of this reinforcement. In Fig. 1b-d it is observed that all the characteristic peaks for HA remain in the patterns of HA/PLLA nanocomposites. They appear at the same angle and with slightly lower intensity, as compared to those of pure HA. The intensities of all peaks for HA do not significantly change because of the relatively simple blending process followed for the incorporation of HA into the PLLA matrix. These results are very similar to those of Sui and Gang, who have prepared HA/PLLA membranes using the solvent casting technique [6] . Differences observed in these spectra originate from interactions with the PLLA matrix. The same behavior has been also observed by other researchers [2, 6] . The observed dominating diffraction peak in the spectra of pure PLLA and HA/PLLA composites ( (010) and (203) reflections of the α crystal form with significant disorder [18, 31, 32] . It was also found that the intensity of this main sharp peak was increased with increasing HA content. Its position remained unaffected by the incorporation of HA. In Fig. 1a , the broadness of the area in the range 2θ = 10-25°, under the main sharp diffraction peak at 2θ = 16.7° is indicative of pure PLLA's less organized structure [33, 34] . It was observed in the spectra of HA/PLLA composites that the broadness of this area was decreased with increasing HA content in the PLLA matrix. This behavior is consistent with the melting peaks obtained by the DSC experiments ( Fig. 2b ) and can be attributed to the transformation of the less ordered crystalline PLLA phase into a better organized crystalline structure, which resulted in a shift of T m,PLLA at the higher melting rate to a higher temperature range.
Thermal analysis
DSC is a useful tool for the study of phase transitions of PLLA, such as glass transition, melting and cold crystallization. In this work, DSC thermograms ( Fig. 2 ) were used to identify the thermal transitions of pure PLLA and HA/PLLA nanocomposites. The glass transition temperature (T g ) of the PLLA matrix remained almost unaffected by the incorporation of HA. Moreover, no crystallization peak was observed during the cooling cycle (Fig. 2a) at the examined cooling rate of 10 °C/min. An exothermic peak, associated with the cold crystallization process of PLLA, was detected in all the examined samples. This peak is due to the reorganization of macromolecular chains in the amorphous domains quenched before, which again obtain the enhanced flexibility and mobility during the DSC heating process, into crystalline regions [35] . From Table 1 it can be observed that for pure PLLA, the cold crystallization peak was detected at 120.2 °C. With increasing HA content in the nanocomposites, the cold crystallization process is initiated at lower temperatures, which means that the inorganic nanoparticles facilitate packing of PLLA chains into crystalline structures. In particular, a sharper cold-crystallization peak was observed, shifted to lower cold crystallization temperatures by about 10 °C, since the dispersed HA nanoparticles played the role of nucleation centers in the crystallization process of PLLA's chains. In comparison to pure PLLA's crystallization enthalpy (ΔH cc ≈ 36 J/g), the crystallization enthalpy of the PLLA phase in the nanocomposites was slightly decreased (ΔH cc ≈ 32 J/g). This decrease remains almost constant as the HA content increases in the composite. This behavior is attributed to two competitive mechanisms induced by the HA nanoparticles: the enhancement of nucleation ability and the inhibition of PLLA chains mobility, because of their presence.
The melting enthalpy of PLLA phase follows the same trend with the exothermic enthalpy of cold-crystallization, suggesting that the crystallinity of PLLA phase mainly originates from the cold crystallization process. From Fig. 2b it is obvious that by incorporation of HA nanoparticles in the polymer matrix, the symmetric melting peak of pristine PLLA was analyzed in a main peak which shifts to higher temperatures, followed by a shoulder which appears in the low-temperature flank of the curve, coming from the less ordered crystalline material.
The melting temperature depends on the size and perfection of the obtained crystalline structure of PLLA affected by the presence of HA particles in the bulk of the polymer matrix [9] . The shape of the melting peak could be a result of the polymorphic crystalline transition, since PLLA can display three different kinds of crystal structures, i.e. α, α′, β and γ. As it has been verified by the XRD diffraction patterns, the PLLA crystals obtained under the examined conditions belong mainly to the α form which is more stable and it is characterized by relatively high melting temperature [18] . The increase in the intensity of the diffraction peak attributed to the α phase of the PLLA matrix ( Fig. 1) with the incorporation of HA, is accompanied by an increase in melting temperature of the PLLA phase in the nanocomposites (~ 170 °C), in comparison with that of pure PLLA (~ 165 °C) ( Table 1 ). This increase remains unaffected by the increase of HA concentration in the nanocomposites.
Isothermal crystallization Isothermal crystallization behavior of pure PLLA
In order to examine the crystallization behavior of pure PLLA, isothermal crystallization experiments were performed. All the examined samples of PLLA were imposed to the same thermal treatment until their melting and then they were rapidly cooled down to the different examined isothermal crystallization temperatures, from 90 to 130 °C, until full crystallization was reached.
From the DSC isothermal crystallization curves shown in Fig. 3 it is observed that there is an increase in the crystallization rate from 100 to 110 °C reaching a maximum at 115 °C. At the higher examined T ic temperatures (120, 130 °C) crystallization rate decreases. Effect of HA content With the addition of HA at 100 °C and 110 °C, the crystallization rate was increased in comparison with pristine PLLA and the shape of the exothermic crystallization peaks became narrower (Fig. 4a, b) . This effect was more significant with increasing HA content. The inverse effect was observed at higher T ic (i.e. 110 °C and 120 °C, being closer to PLLA's melting temperature, where it was observed that crystallization process took more time and the crystallization exothermic peaks became wider in shape (Fig. 4c, d ). Therefore it is concluded that crystallization mechanism of PLLA is affected not only by the incorporation and the content of inorganic nanoparticles, but also by the crystallization temperature of the test.
Based on the above graphs, the relative crystalline conversion degree (X t ) can be obtained from the ratio of the area of the exotherms up to time t (ΔH t ) divided by the total exotherms (ΔH ∞ ) (Eq. (2)) leading to the Avrami equation [22] :
where dH/dt is the DSC heat flow rate. By evaluating the degree of crystalline conversion (X t ) vs crystallization time at a constant temperature, for 0/100 (a), 5/95 (b) 10/90 (c) and 20/80 (d) HA/PLLA (w/w) as shown in Fig. 5a-d it can be observed that all the isotherms curves exhibited a sigmoid dependence with time.
From Fig. 5a it was verified that PLLA shows the higher crystallization rate at 115 °C, as already presented in Fig. 3 . Regarding the examined HA/PLLA nanocomposites, from Fig. 5b-d it was noticed that with the increase of crystallization temperature, the characteristic isotherms were shifted to higher values of time, indicating a progressive decrease in the crystallization rate which leads to an increase in the time required for completion of crystallization. In fact, in the case of nanocomposites the maximum spherulitic growth rate occurred at the lower examined T ic (100 °C) and at 120 °C it took the longest time. 
Avrami analysis
The crystallization kinetics of isothermal crystallization of PLLA and its nanocomposites at the examined temperatures, were analyzed using the Avrami equation (Eq. (2)), where k is the crystallization rate constant related to the crystallization kinetics, for nucleation and growth rate, and n is the Avrami exponent, related to the mechanism of crystal nucleation as well as on the form of crystal growth. Based on the data of Fig. 5 , the double logarithmic form of the Avrami equation (Eq. (3)) [22] was plotted in Fig. 6 :
applied to pure PLLA and HA/PLLA nanocomposites, at the examined crystallization temperatures. The values of n, k were calculated from the part of the curves representing 10-90 % of crystalline conversion, where a linear relation between log[-ln(1 - X t )] and log(t) appeared during the crystallization process, indicating that the isothermal crystallization behavior of the samples can be described by the Avrami equation. The values of n were calculated from the slope of the linear part and the kinetic constant k was determined by the intercept for pure PLLA and HA/PLLA nanocomposites, under the examined isothermal temperatures. The results are listed in Table 2 . The Avrami exponent n represents the dimensionality of the growth and is affected by many factors, such as nucleation density and restriction of crystalline formation due to the presence of inorganic filler.
For spherulite three-dimensional growth, n is 4 for homogeneous nucleation system and 3 for heterogeneous nucleation system. The values of n are decimal due to the presence of crystalline branching and/or two stage crystal growth during the crystallization process and/or mixed growth and nucleation mechanism [36, 37] . The obtained n values for pure PLLA (2.7-2.8) in the examined T ic range, are in good agreement with those reported in literature [11, 38, 39] . Therefore, a spherulitic growth is suggested from nuclei initiated at time zero or a disc like growth from nuclei initiated over time or a combination of the above mechanisms [38] . Regarding HA/PLLA nanocomposites, n values closer to 2 were observed, indicating a 2-D growth on a lamellar structure [2] . When the n values were closer to 3, three-dimensional spherical growth took place. A tendency of reduction in the n values obtained by the nanocomposites indicates an enhanced level of heterogeneous nucleation verifying the contribution of the nanoparticles in the formation of nuclei [38, 40] . An increase of k values (Table 2) for PLLA with increasing temperature of isothermal crystallization T ic was observed, reaching a maximum at 115 °C, and then (at 120 °C) a decrease took place again. No significant effect of T ic in k values of PLLA in nanocomposites with low HA content (5 wt%) was observed. In nanocomposites with higher HA content (10 & 20 wt%) the calculated k values at 100 °C and 110 °C revealed faster crystal growth rate, in comparison with pure PLLA matrix, and this rate decreased at higher crystallization temperatures.
The half-time of crystallization t 1/2 is defined as the time to reach 50 % crystallization. It can be obtained either directly from the experimental data in Fig. 5 or from the n and k values (as seen in Table 2 ), using Eq. (4) [41] :
From Table 3 it was confirmed that pure PLLA presented the lowest value of t 1/2 at 115 °C. The incorporation of HA nanoparticles significantly accelerated the crystallization process of PLLA matrix at the lower examined T ic (100 & 110 °C). In this area of temperatures, as HA content increases in the nanocomposites, shorter t 1/2 is needed to attain 50 % crystallization of the PLLA matrix. In the case of nanocomposites, it can also be observed that with the increase of examined T ic t 1/2 values also increases and, therefore, longer time is needed for the completion of crystallization process. t 1/2 can also be used to directly characterize the crystallization rate, since the corresponding half-time of crystallization (1/t 1/2 ) can be considered approximately proportional to the crystal growth rate (G) (Eq. (5)) [41] .
From the results of Table 4 it can be seen that the values of G for pure PLLA followed a bell-shaped temperature dependence showing a maximum at 115 °C, which is consistent with related literature data [38, 41, 42] . With the addition of HA in the PLLA matrix, the crystallization rate was faster at 100 °C and it decreased with increasing temperature becoming slower at higher testing temperatures (115, 120 °C). Relatively higher T ic can be considered disadvantageous for the development of crystallinity in the PLLA matrix as it tends towards its melting temperature. This behavior is in agreement with the decreased crystallization rate of the PLLA matrix after the turning point at 115 °C. The aforementioned observations verify that as the mobility of polymeric molecules is low, crystal nucleation is more favorable at low temperatures. However, crystal growth is more favorable at higher temperatures where the viscosity of a polymer is low [43] . Figure 7 presents the melting endotherms of PLLA and HA/PLLA nanocomposites. It can be observed that the shape of the melting peak for PLLA matrix is dependent on the crystallization history of the samples. By heating the examined samples after isothermal crystallization at 100 °C, two endothermic peaks were observed, namely T m1 and T m2 , respectively (Fig. 7a , Table 5 ). A broad melting peak was observed after isothermal crystallization at 110 °C (Fig. 7b) . However, in the case of isothermal crystallization at higher temperatures (115 °C, 120 °C), a single melting peak appears (Fig. 7c, d ). Multiple melting behavior has been observed for many semi-crystalline polymers corresponding to different crystal structures. According to He & Fan, when the degree of supercooling ic 0 m ) (T T − is relatively high, the initially formed lamellae can hardly evolve because of the high transportation energy resulting in a small endothermic peak of T m1 followed by meltrecrystallization [44] . On the contrary, with lower degree of supercooling, almost perfect crystals are formed during melt-crystallization, thus suppressing melt-recrystallization. As a result, a single melting endotherm was observed [44] . According to Di Lorenzo [1] when crystallization is conducted at low temperatures, small and/or defective crystals develop. The occurrence of two recrystallization exotherms or a broad exotherm Table 4 : Radial growth rate (G) of pure PLLA and PLLA in HA nanocomposites after isothermal crystallization experiments at different examined T ic .
Melting behavior after isothermal crystallization
T ic (°C)
G ( as PLLA's melting behavior can be linked to crystal reorganization during heating. Part of the less ordered crystalline material (α′ phase) can be transformed to α phase at elevated crystallization temperatures > 120 °C [18] . This behavior has been verified by the shape of the melting peak of the PLLA matrix after the isothermal crystallization of all the examined samples at 120 °C (Fig. 7) where a less broad melting peak is observed. After completion of crystallization at lower T ic , a double melting mechanism is observed in the melting curve of the examined samples indicating the gradual melting of α′ and α PLLA. This behavior appears to be independent of the HA content in the nanocomposites. After the isothermal crystallization of the nanocomposites at higher temperatures only a single melting peak is observed that becomes sharper with increasing T ic . It is known that the less ordered α′ crystalline phase formed at lower crystallization temperatures (100, 110 °C) can be transformed to the α phase at elevated temperatures > 120 °C [17, 18] .
As far as the degree of crystallization (X c %) is concerned (Table 6) , the presence of HA may promote nucleation thermodynamically but, at the same time, it can impend crystal growth dynamically, resulting in a variation of the percent crystallinity [38, 45] .
Comparing the values of t 1/2 (Table 3 ) with the corresponding crystallinity of PLLA nanocomposites, determined by heating after isothermal crystallization, for the lower T ic (100, 110 °C) it was observed enhanced crystallinity accompanied by lower values of t 1/2 . Therefore, it is obvious that, for these systems, not only the crystallization ability is improved but the phenomenon proceeds with high crystallization rate. Isothermal crystallization study at T ic 120 °C showed both, increased crystallinity with higher values of t 1/2 . (Fig. 8a) and the dependence of the T m on the T c is given by the following equation (Eq. (6)):
Equilibrium melting point ( )
where 0 m T is the equilibrium melting point and γ is the thickening ratio [46] which describes the growth of lamellar thickness during crystallization. Under equilibrium conditions γ equals to 2 [35, 41] . According to Souza et al. [39] , who also studied the isothermal crystallization kinetics of Poly(lactic acid) nanocomposites, in order to determine the 0 m T of PLA, values corresponding to the lower-temperature endothermic peak (T m1 ) were used and taken from Table 5 .
The equilibrium melting points obtained for samples with different HA content are presented in Table 7 and they are within the range of values (166-225 °C) reported in the literature for the different compositions of PLLA [14, 39, 41, 47, 48] . For the examined type of PLLA the value of 0 m 173.6 C T =° is within the above range, representing the melting temperature of the crystals with the most perfect lamellae or, according to the theory derived by Hoffman and Weeks [46] , the melting temperature of infinitely extended crystals of this polymer. Liao et al. [41] have attributed the variation of the values of 0 m T of PLLA matrix in the nanocomposites, to the addition of the HA nanoparticles that might have attenuated the formed crystals and, correspondingly, decreased the thickness of the crystal lamellae.
Nucleation parameter
The crystallization thermodynamics and kinetics of the nanocomposites have been also analyzed, based on the theory of Lauritzen-Hoffman, [49] . Lauritzen-Hoffman theory assumes that a free energy barrier associated with nucleation has an energetic origin and it provides the general expression for the growth rate (G) of a linear polymer crystal with folded chains. To determine the regime of crystallization in the present case first of all K g values have to be calculated from the L-H equation (Eq. (7)), [49] . Accordingly, the crystal growth (G), depends on temperature, T, as follows: where K g is the nucleation parameter, T c is the crystallization temperature, ΔT is supercooling , T U* is the activation energy for transportation of segments to the crystallization site whose value is 6280 J/mol, R is the gas constant, T ∞ is the hypothetical temperature where all motion associated with viscous flow ceases, which is expressed as T g - 30 K, and G 0 is the front constant. In this equation, the first exponential controls the rate variations occurring at high degree of undercooling, while the second exponential accounts for the driving force of crystallization and contains thermodynamic characteristics such as side and fold surface free energy. By substitution of eq. (5) in eq. (7) the following expression for the L-H equation can be derived [49] :
The nucleation parameter K g depends on the crystallization regime that the examined system belongs. By plotting the logarithmic form of the L-H equation, lnG + U*/R(T c -T ∞ ) with 1/T c ΔTf [49] (Fig. 8b) , the value of -K g can be derived from the slope and the logarithm of the front constant (G 0 ) from its intercept. The obtained values of K g are listed in Table 8 . The calculated values of K g are in agreement with that reported in literature, most of which are in the range of 1.8-4.5 × 10 5 K 2 [9, 17, 22, 29, 35, 41] . The value of K g tends to increase with increasing HA content, which indicates that the presence of HA disturbs the nuclei formation, resulting in an increase of lattice disorder of the PLLA matrix. Similar behavior for PLLA was reported from Abe et al. [20] , Wu et al. [38] and Tsuji et al. [45] who also found that the regime transition of PLLA crystal growth, from regime II to regime III, occurs at around 120 °C. It can be verified through this theoretical approach, since the Avrami fit is proper [22] that the examined systems are crystallized through regime II under the experimental T ic range.
Summary and conclusions
In this research work, the effect of the incorporation of HA nanoparticles on the crystallization behavior and thermal properties of PLLA were investigated. HA was blended with PLLA at different contents (5, 10 and 20 wt% HA). An increase in the intensity of the diffraction peak after the XRD experiments attributed to the development of α form crystalline structure of the PLLA matrix with the incorporation of HA was recorded, accompanied by an increase in melting temperature of the PLLA phase in the nanocomposites. According to the results obtained by DSC analysis, it was found that the incorporation of HA did not affect the T g of PLLA, whereas the ΔH m decreased and the symmetric melting peak of pure PLLA became broad with a shoulder in the low temperature side. The cold crystallization process of PLLA matrix was facilitated as confirmed by T cc shift to the lower temperatures region.
The results of the isothermal crystallization study concerning the crystallization behavior showed that for pure PLLA, the maximum crystallization rate was achieved at 115 °C, whereas for HA/PLLA composites it was determined at lower temperature (100 °C). The incorporation of HA increased PLLA crystallization rate in the lower range of the examined crystallization temperatures (100 and 110 °C), but the opposite effect was recorded at 115 and 120 °C. HA plays a dual role in the crystallization of PLLA: it can either act as nucleating agent or as a physical barrier. The Avrami and Lauritzen-Hoffman equations were applied to the isothermal crystallization data of PLLA nanocomposites. The overall crystallization rate followed the Avrami equation with the exponent n taking values between 2 and 3 indicating a transition point from 2-D to 3-D spherulitic growth. A theoretical approach verified that the HA/PLLA system belonged to Regime II of crystallization behavior under experimental conditions of this study. According to the shape of the melting curves after the isothermal crystallization experiments at higher temperatures, higher order in the crystalline phase of the PLLA matrix was achieved, compared to the multiple-melting mechanism after isothermal crystallization at lower temperatures, verifying a transition of a′-form to α-form crystalline structure. Higher percentage of crystallinity was determined in PLLA matrix in the case of nanocomposites, in comparison with the pure PLLA.
The obtained results and their interrelations show that the test methods used in this work and the subsequent analysis are adequate to explore the effect of HA on the crystallization behavior and thermal properties of PLLA matrix, which affect the performance of the prepared nanocomposites in many applications including the biomedical uses. 
